We have designed and constructed an improved two dimensional X-pendulum vibrationisolation table. It achieved a lower resonant frequency (7 s) than previous prototypes, and the eects of many parasitic elastic resonances have been reduced by careful balancing, leading to much improved vibration isolation around a few Hertz.
Introduction
To detect gravitational waves using an interferometric detector, mirrors should be isolated from seismic motion. The seismic vibration is a particular problem at low frequency, because the mirror is suspended with pendulum with a resonant frequency around 1 Hz. The Japanese interferometric gravitational wave detector, TAMA300, will have a vibrational attenuation system consisting of three stages: a stack, the two-dimensional X-pendulum attenuator presented here, and a double pendulum suspension system. The stack and the double pendulum suspension are only eective at relatively high frequencies, so the X-pendulum system will be used to improve the isolation at low frequency (less than 10 Hz).
Since the stack and the double pendulum suspension systems have several resonances around a few Hz, we need to attenuate the amplitude of horizontal vibration by an order of magnitude (020 dB) to let the interferometer achieve its maximum sensitivity. The simplest way to do this would be to construct a very long period simple pendulum. However such a pendulum needs a tall supporting frame and this needs to be placed in a vacuum chamber (the TAMA chambers are 1 m in diameter and not quite 2 m in height). Our X-pendulum system is designed to have a suitably long period but is much more compact vertically and easily meets the space requirements [1, 2] . The basic X-pendulum is seen in Fig. 1 . When a center of mass of the load is set just below the critical point [1] , we can obtain a long period as a simple pendulum. This group has previously reported results for two versions of prototype two-dimensional Xpendulum systems, which showed that the concept was sound [3, 4] . We successfully suspended a table so that it had a long period in both horizontal directions, but was moderately sti in other degrees of freedom and was simple to assemble and adjust. As shown in Fig. 2 , a combined unit of two X-pendulums becomes a basis of the two-dimensional vibrational attenuator. The upper part is the same as the basic X-pendulum except the stem which is replaced by the V-shaped suspension wires [3] . The lower one is made by turning the upper one upside down and then rotating horizontally by 90 degrees. The V-shaped middle wires allow pure horizontal motion of two degree of freedom. The load table is suspended by four units of the above combined X-pendulums. Unfortunately the vibration isolation performance of the previous prototype was disappointing, due to a number of resonances from elastic modes of the moving parts [5, 6] . In the next section, we describe the performance of the previous prototype and how we modify it. Finally we present the test result of the modied attenuator.
Modication of the previous prototype
The predecessor to the current design [4] was tested on a shaker table while tuned to 0.25 Hz and achieved a useful amount of horizontal vibration isolation, in particular, 20 dB at 1 Hz. The height of the system was only about 40 cm. However, since little eort had been made to balance the moving parts, the transfer function contained a number of very large peaks due to elastic resonances, as can be seen in Fig. 3 and listed in Table 1 . Figure 3: Transfer function of the previous prototype X-pendulum system. Its resonant frequency was about 0.25 Hz and it attenuated horizontal vibration by 20 dB at 1 Hz. However, some undesirable parasite resonances were seen.
To reduce these eects, we made a number of modications to the shapes of the moving parts. The rst was to arrange that the center of mass of the load as a whole was at the same height as the X wire attachment points. Since the double pendulum had a rigid safety cage which was heavy, the center of mass extended a considerable distance below the X wire attachment points. To eliminates the coupling from horizontal elastic forces to pitch and roll of the load, considerable counterweighting was required. (The suspended parts of the double pendulum stage are not included when calculating the center of mass, since they do not participate in pitching or rolling.) In fact the counterweight had to be placed above the support table and was connected to the load table by thick rods passing through the support table.
The X plate was completely redesigned. The wire attachment points (both for X and intermediate wires) were brought to the same height as the center of mass to reduce the eect of pitching and rolling modes (just as for the load table). The previous design had been particularly bad in this respect because (i) it used three X wires to reduce the number of parts, thus reducing the stiness in roll, (ii) the X wire clamps were mounted well above the X plate to eliminate interference with the clamps in the adjustment mechanism, (iii) the intermediate wire clamps were mounted on the opposite side of the X plate to avoid interference with the central X wire clamp. However experience with the earlier prototype had shown that we did not need independent adjustments for the two outer X wires. Therefore we arrived at a very simple design as follows: (i) we made the`X' vertically asymmetrical (L 1 > L 2 ) to separate the X clamps horizontally, (ii) we reverted to a four wire design with all X wire clamps at or near the edges, freeing up space for the intermediate wire clamps in the center, (iii) we further reduced the number of adjustment mechanisms, to just two, in the form of wide lever plates with one double screw actuator in the center and two X wire clamps at the edges. Apart from the tool steel inserts used as clamp jaws, the new design was made from a single piece of aluminium.
We also implemented the high-frequency optimization proposed in [4] . If the ratio of moment of inertia to mass of the X plate is optimized, then the natural motion of the isolated X plate when driven horizontally through the X wires is to pitch about the hinge line at the far end of the intermediate wires. This minimizes the force transmitted to the load at high frequencies.
Finally, we substituted exure strips made of carbon steel and of rectangular cross-section for the X wires (which had been ordinary piano wire). This was done to enhance the mechanical quality factor (Q) of the system. For periods above around 10 s, most of the restoring force in the pendulum modes is provided by the bending elasticity k e of the X wires. A thin strip gives a much smaller k e value for the same cross-sectional area (i.e., for the same breaking strength) and thus a higher Q (Details of it will be found in Ref. [7] 
We chose a = 2:0 mm and b = 0:3 mm, which gives a cross-sectional area as large as that of 1 mm diameter wire.
3 The third prototype test results and Discussion
We constructed the new version of the two-dimensional horizontal attenuator as shown in Fig.  4 and tested it on a shaker table.
Figure 4: Schematic view of new X-pendulum system with double suspension system for the mirror. An isolated plate is suspended by four units. Its behavior is identical to that of a plate which is suspended by four wires at each corner. Hz. In the region of less than 0.5 Hz, data were taken by an optical displacement sensor which is made of a LED-photodiode pair. In the higher frequency region, a PZT accelerometer was used. Since the vibration above 30 Hz was disturbed by acoustic noise, this region is not shown here. The frequency of the swing was 0.14 Hz and was lower than that of the second prototype (0.25 Hz).
As with the second prototype, some parasitic resonances were found but with lower amplitudes. These are summarized in Table 1 . The lowest frequency peak of parasitic resonances is the pitching of the isolated plate. The second peak is a coupling eect with the vertical motion of the load Ml ; (3) where N w is the number of X wires, E w is Young's modulus, A w is the cross-sectional area, 0 is the angle from the horizontal to the wire, and l is the length of the X wire. Since the X wires have much higher vertical compliance than that of the intermediate wires because of the small value of 0 , we neglected the eects of the intermediate wires. The calculated value is 5.3 Hz, which is consistent with the measured value.
The third peak was a resonance of the table supporting the whole attenuation system. Comparing these resonances with those in Fig. 3 , we see that all of them have clearly been reduced. 
Conclusion
We have tested modications of the two-dimensional X-pendulum vibrational attenuator and found that they substantially improved the transfer function, and reduced the eects of some parasitic resonances. We have achieved the period of seven seconds in this system. It was more longer than that of the previous prototype. And the attenuation at 1 Hz was more than 20 dB. These results show that this new two-dimensional attenuator using X-pendulums is one of the most powerful tools for improving lock stability and sensitivity at low frequency for laser interferometric gravity wave detectors.
